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FOXO1/DAF-16 is a functional component required for 
translesion DNA synthesis 
 
Introduction 
 
The forkhead box O (FOXO) family of transcription factors play crucial role in diverse 
biological processes, orchestrating programs of gene expression that regulate stress 
resistance, tumor suppression and development. In mammals, FOXO family consists of 
four members, FOXO1, FOXO3, FOXO4, and FOXO6, while invertebrates have only 
one FOXO gene, such as dFOXO in the Drosophila and daf-16 in the Caenorhabditis 
elegans. FOXO proteins are tightly regulated by multiple posttranslational 
modifications, including phosphorylation, acetylation, ubiquitination and arginine 
methylation. Among them, a major form of regulation is Akt-mediated phosphorylation 
downstream of insulin or IGF-1 signaling pathways and that results in the export of 
FOXO proteins from the nucleus to the cytoplasm, thereby repressing the transcription 
of FOXO target genes. Genetic studies in C. elegans have revealed that 
reduction-of-function mutations of daf-2, an ortholog of the mammalian insulin/IGF-1 
receptor, extend lifespan up to three fold, and this extension is entirely dependent on 
daf-16. Although accumulating evidences indicates that FOXO contributes to anti-aging, 
tumor suppression and development, which likely to be closely related to DNA damage 
responses, the involvement of FOXO/DAF-16 in these responses is largely unknown. 
Previously, our laboratory found that knockdown of FOXO1, but not FOXO3a, 
increases sensitivity to UV specifically when irradiated during S phase in mammalian 
cells. This results led me to hypothesize that FOXO1 would be implicated in the 
translesion DNA synthesis (TLS) process, which is error-free bypass against 
UV-induced replication arrest. Here, I tested whether FOXO1/DAF-16 is involved in 
TLS. 
  
Results 
 
    Because defects in TLS results in stalled replication forks at CPD sites and then 
ATR phosphorylates/activates the effector kinase Chk1, I tested the possible 
involvement of FOXO1 in TLS by measuring ATR-induced phosphorylation of Chk1 at 
Ser345 and found that FOXO1 depletion results in a sustained activation of the 
ATR-Chk1 signaling after UV irradiation during S phase. To clarify the molecular 
mechanism underlying the contribution of FOXO1 to TLS pathway, I performed several 
biochemical analyses and revealed that FOXO1 does not alter the expression of 
TLS-related genes but binds to the protein replication protein A(RPA1) that coats 
single-stranded DNA and acts as a scaffold for TLS. Importantly, this interaction 
enables FOXO1 to associate with single-stranded DNA. To investigate whether the 
function of FOXO1 in TLS could be conserved across species, I focused on C. elegans, 
and assess the effect of UV-induced DNA damages on the progression of larval 
development when DNA replication occurs in somatic tissues. I found that UV 
irradiation causes a substantial and an almost complete arrest of larval development in 
daf-16(mu86) and polh-1(ok3317) mutants, respectively, while only a slight retardation 
was observed in N2 wildtype. Finally, I attempted to perform rescue experiments with 
transgenic lines expressing wild type or two mutants of daf-16 in daf-16(mu86) and 
found that DAF-16 contributes to UV tolerance during larval development 
independently of its transactivation function. 
  
Discussion 
 
   My findings from biochemical and transgenic rescue experiments argue that 
FOXO1/DAF-16 contributes to DNA damage tolerance by forming a complex with 
RPA1 through the forkhead domain and also propose a model in which transcription 
factor FOXO1/DAF-16 participates in an inherent function of RPA, namely binding and 
stabilizing of ssDNA regions during TLS. In contrast, a recent study has demonstrated 
that RPA1 helps recruitment of transcription factor HSF1 to nucleosomal DNA by 
recruiting histone chaperone FACT and thus enables constitutive HSF1 access to 
nucleosomal DNA for both basal and inducible gene expression. Taken together, these 
results provide the possibility that RPA1 and transcription factors mutually affect and 
regulate each other’s function, including DNA repair, DNA replication and transcription. 
Indeed, since RPA1 strongly represses the transcriptional activity of FOXO1 (data not 
shown), RPA1 interaction may be a trigger for switching of FOXO1 function from 
transcriptional activation to DNA damage tolerance. 
    In C. elegans, daf-16 as well as polh-1 is required for UV tolerance during larval 
development, but not during adulthood. These different resistance patterns among 
stages could be attributed to whether the somatic cells proliferate when irradiated with 
UV. Since lifespan is typically defined as the number of days after the adult molt and in 
which C. elegans consists only of post-mitotic cells, with the exception of germline 
precursor cells, it seems likely that DAF-16-mediated longevity occurs independently of 
its TLS function. In support of this idea, Polη-deficient mice are viable and do not show 
any obvious spontaneous defects, such as premature ageing-like phenotype, at least 
during the first year of life. Alternatively, given that these mutant mice are highly 
susceptible to developing skin carcinomas following chronic exposure to UV irradiation, 
FOXO1-mediated UV tolerance may also play a role in decreasing the risk of genomic 
instability by preventing stalled replication forks from degenerating into defective DNA 
structures. 
   In conclusion, here I present evidence that FOXO1/DAF-16 contributes to 
UV-induced DNA damage tolerance independently of its transcriptional activity in 
mammalian cells and C. elegans. This conserved mechanism was not relevant to 
longevity in C. elegans, but alternatively, may be involved in other FOXO functions, in 
particular, such as stem cell maintenance in mammals. If so, in view of the notion that 
aberrant stem cell function is a hallmark of ageing, our findings will provide new 
insights into the molecular mechanism of ageing and the pathogenesis of age-related 
diseases, including type 2 diabetes, Alzheimer’s disease and cancer. 
  
CTF18 interacts with RPA complex in response to Replication stresses 
 
Introduction 
 
  Chromosome replication is a risky process for maintaining genome integrity, because 
if DNA lesions exist during DNA synthesis, they interfere with the progress of 
replication forks and thereby result in an excessive formation of single-strand DNA 
(ssDNA) that could be a major cause of DNA double-strand breaks. To preserve 
genome integrity during chromosome replication, eukaryotic cells have acquired several 
adaptive mechanisms of DNA damage response. One is the S phase checkpoint 
response, which is evoked by an exposure of ssDNA at stalled replication forks, 
resulting from the consequences of defects in DNA synthesis and the progression of the 
DNA helicase. Another is a damage tolerance mechanism called the translesion DNA 
synthesis, the major process with which cells replicate past the unrepaired DNA lesion 
during S phase.  
It has shown that the S phase checkpoint and the translesion DNA synthesis are 
both activated by conserved clamp loader complex called CTF18-RFC (Ctf: 
Chromosome Transmission Fidelity; RFC: Replication Factor C). CTF18-RFC is one of 
the four “heteropentameric RFC complexes” each of which contains a common small 
subunit comprising RFC2–4 together with a unique largest subunit, including either 
RFC1, Elg1, RAD17, or CTF18. Although CTF18-RFC was originally reported to play 
an important role in the establishment of sister chromatid cohesion, recent studies with 
budding yeast have shown that CTF18-RFC mediates activation of the S phase 
checkpoint depending on the association with DNA polymerase epsilon. In contrast, a 
biochemical study with in vitro reconstitution system has demonstrated that 
CTF18-RFC binds to and stimulates the DNA synthetic activity of DNA polymerase eta. 
However, the molecular mechanisms underlying these alternative functions of 
CTF18-RFC remain largely unknown. 
  
Result 
 
   To elucidate the mechanism underlying replication stress responses by CTF18, I 
focused on an ssDNA-binding protein RPA that acts as a scaffold for DNA processing 
proteins. I performed binding experiments and found that CTF18 interacts with RPA 
complex via RPA1 and this interaction may enable CTF18 to bind to ssDNA. Next, to 
test the possibility that the interaction between CTF18 and RPA may occur in response 
to replication stresses, I used the DuoLink in situ proximity ligation assay (PLA), in 
which two close proximal proteins could be visualized with a fluorescent probe as foci. 
When synchronized HEK293 cells at S phase were treated with hydroxyurea or exposed 
to UV irradiation, the nuclear PLA foci indicating the CTF18-RPA interaction were 
observed in response to replication stresses, and this foci formation was substantially 
augmented when exposed to high dose of stresses. Finally, I examined the dissociation 
kinetics of CTF18-RPA complex by tracking the time course of PLA signals after 
UV-induced replication stress. I found that while the number of foci peaks at 2 h after 
UV irradiation, it gradually decreases with time and almost disappears until 10 h. 
Considering that this time-dependent change in UV-induced binding of CTF18 to RPA 
is similar to that of Chk1 phosphorylation at Ser345, these data imply that the 
CTF18-RPA interaction is actually correlated with the dynamics of replication stress 
responses. 
  
Discussion 
 
    My data establish that CTF18, an alternative subunit of the RFC clamp loader, is a 
new binding partner of RPA in mammalian cells. I found that this interaction is 
triggered when replication stress occurs and then gradually diminished in accordance 
with a decrease in the phosphorylation levels of Chk1 at Ser345. Accumulating 
evidence has shown that CTF18-RFC complex plays critical roles in activation of the 
S-phase checkpoint and translesion DNA synthesis by interacting with DNA 
polymerase epsilon and eta, respectively. However, the mechanism whereby 
CTF18-RFC responds to replication stress and targets to stalled replication forks 
remains elusive. In this study, I present a hypothesis that RPA may serve as a platform 
for the molecular assembly of CTF18-RFC together with DNA polymerase epsilon and 
eta, which in turn helps an efficient response to replication stress. 
 The in situ proximity ligation assay demonstrated that replication stress induced 
by HU treatment or UV irradiation is a trigger of the interaction between CTF18 and 
RPA in the nucleus. These data raise the question of how CTF18 senses replication 
stress and binds preferentially to RPA on ssDNA. A possible mechanism could be the 
phosphorylation of RPA2 subunit in response to replication stress. Actually, several 
studies have shown that stalled replication forks strongly cause hyperphosphorylation of 
RPA2 through the DNA damage response pathways involving the ATR and the 
DNA-dependent protein kinase (DNA-PK). Moreover, it is noted that phosphorylation 
of RPA2 is known to prevent its association with the replication machinery and thus be 
considered as a trigger for redirecting RPA functions from DNA replication to DNA 
damage responses. In agreement with this idea, RPA2 phosphorylation has been 
reported to enhance its interactions with the ATR and the 9-1-1 checkpoint clamp. 
Hence, although further investigations are necessary to address the link between RPA2 
phosphorylation and CTF18-RPA interaction, my present findings could shed light on 
the molecular basis of the initiation of replication stress response in mammalian cells. 
Among the four clamp loader complexes, the Elg1-RFC is thought to act 
principally as an unloader for PCNA from nascent DNA after the passage of replication 
forks and thereby regulate PCNA levels in chromatin. Meanwhile, Bylund and Burgers 
demonstrated that CTF18-RFC also unloads PCNA specifically when ssDNA is coated 
with RPA, and they proposed a model in which this unloading activity of CTF18-RFC 
may contribute to establishing sister chromatid cohesion. However, considering my 
present result that CTF18 binds to RPA after UV-irradiation during S phase, it is 
possible that CTF18-RFC may remove monoubiquitinated PCNA after replicative 
bypass of UV-induced CPD with Polη and subsequently reload unmodified PCNA to 
restart normal DNA replication. Thus, our findings will provide insight into the 
mechanism how DNA polymerases switch during translesion DNA synthesis. 
  In conclusion, here I present the interaction between CTF18 and RPA complex as a 
novel regulation of CTF18 in response to DNA damage. This molecular interaction 
highlights the function of CTF18 as alternative clamp loader for genome integrity and 
may provide an important clue for elucidating regulation of CTF18 in S phase 
checkpoint signal and translesion DNA synthesis. 
